We employ the achiral liquid chromatography with diode array, evaporative light scattering and mass spectrometric detection (HPLC-DAD, HPLC-ELSD and LC-MS) to assess structural instability (understood as spontaneous oscillatory chiral conversion and spontaneous oscillatory condensation) of the two pairs of amino acids,
Introduction
The spontaneous oscillatory chiral conversion of the lowmolecular-weight carboxylic acids dissolved in the aqueous and non-aqueous abiotic systems was first discovered with profen drugs (1, 2) , and later the phenomenon was found general enough to occur with many chiral derivatives of acetic, propionic and butyric acid with the chirality center located either on the a-C or on the b-C atom (3, 4) . It was also found out that the oscillatory chiral conversion of the discussed compounds was accompanied by the oscillatory oligomerization.
With amino acids, an ability to undergo spontaneous peptidization in aqueous solution was first demonstrated with the use of the biuret test upon an example of L-phenylglycine (5) , and later with some other amino acids as well, using the high-performance liquid chromatography with diode-array detection (HPLC-DAD) and liquid chromatography with mass spectrometric detection (LC -MS) techniques (6) . A deeper insight in these phenomena was provided in papers (7 -10) . The general scheme of the process of chiral conversion with the low-molecular-weight carboxylic acids in aqueous solutions is given in Eq. (1) (11):
(1) where X: -R and Y: -NH 2 , -OH or -Ar. In anhydrous media and in the presence of trace amounts of water, the probable mechanism of chiral conversion is given in Eq. (2) (12): (2) In the case of amino acids, the process of the parallel oscillatory chiral conversion and oscillatory peptidization can be illustrated by the following scheme given in Eq. (3) (6): (3) Some of our results have been cited in the papers dealing with such diverse subjects as prebiotic chemistry and astrophysics (13 -17) as the first experimental evidence of the spontaneous chiral oscillatory conversion and spontaneous oscillatory condensation of the selected low-molecular-weight carboxylic acids. In paper (18), we for the first time discussed condensation running in the binary L-Pro-L-Hyp mixture dissolved in 70% aqueous methanol, and proposed a theoretical model to explain the specific dynamics of this process, which took into the account mutual catalytic effect of the two amino acids.
In this study, we extend the discussion on the oscillatory condensation to the other two amino acid pairs. Our choice was L-Pro-L-Phe and L-Hyp-L-Phe dissolved in aqueous acetonitrile. In that way, we intend to provide sufficient experimental evidence on the presence of the hetero-condensation products in the aged samples. The choice of L-Pro and L-Hyp was due to their important role as building blocks of collagen, which is omnipresent in the connective tissues of mammals, and largely responsible for tissue architecture and strength. L-Phe is one out of 20 exogenous amino acids and a building block of the majority of naturally occurring proteins.
Experimental
Reagents L-Pro and L-Hyp were purchased from Sigma-Aldrich (St. Louis, MO, USA; cat. nos P0380 and H-55409, respectively), and L-Phe was purchased from Merck KGaA (Darmstadt, Germany; cat. no. 1.07256.0025). All amino acids were of the analytical purity grade, acetonitrile was of the high-performance liquid chromatography (HPLC) purity grade (J.T. Baker, Deventer, the Netherlands) and the water was deionized and double distilled in our laboratory by means of the Elix Advantage model Millipore system (manufactured in Molsheim, France).
The investigated binary L-Pro-L-Phe and L-Hyp-L-Phe amino acid solutions in acetonitrile were prepared at the following concentrations of each individual amino acid: High-performance liquid chromatography with evaporative light scattering and diode-array detection The condensation process starting in each freshly prepared binary amino acid solution was monitored by means of the achiral HPLC with two different detectors (ELSD and DAD). This HPLC mode was employed to separate the oligopeptides from the non-peptidized amino acids and also to fractionate the oligopeptides. The analyses were carried out using the Varian model 920 liquid chromatograph (Varian, Harbor City, CA, USA) equipped with the Varian 900-LC model autosampler, the gradient pump, the Varian model 330 DAD detector, the Varian 380-LC model ELSD detector, the Pursuit 5 C18 (5 mm particle size) column (250 Â 4.6 mm, i.d.; Varian; cat. no. A3000250C046) and the Galaxie software for data acquisition and processing. The analyses were carried out for the 30-mL aliquots of the investigated amino acid solutions in the isocratic mode. With the L-Pro-L-Phe mixture, the analyses were carried out in the 20-min intervals for 250 h and methanol -water (40 : 60, v/v) mobile phase at the flow rate of 0.25 mL min 21 was used. With the L-Hyp-L-Phe mixture, the analyses were carried out in the 10-min intervals for 160 h, using the acetonitrilewater (30 : 70, v/v) mobile phase at the flow rate of 0.60 mL min
21
. The chromatographic column was thermostated at 358C with use of the Varian Pro Star 510 model column oven. The analyses with the use of these two systems were carried out in the short-time intervals, in order to derive quasi-kinetic information about the oscillatory peptidization processes running in the stored solutions.
High-performance liquid chromatography with mass spectrometric detection LC -MS analyses were carried out in order to directly demonstrate the presence of the condensation products in the investigated amino acid solutions. They were performed for the freshly prepared solutions of the investigated amino acid pairs and after 122 (L-Pro-L-Phe) and 26 days (L-Hyp-L-Phe) of the storage period. The LC -MS System Varian (Varian, Palo Alto, CA, USA) was employed, equipped with the Varian ProStar model pump, Varian 100-MS mass spectrometer and Varian MS Workstation v. 6.9.1 software for data acquisition and processing.
The LC separation was carried out for the 20-mL aliquots of the investigated binary amino acid mixtures in the isocratic mode, using pre-column C18 (Varian, Harbor City, CA, USA) and 2-propanol mobile phase at the flow rate of 0.20 mL min 21 . MS was carried out in the electrospray ionization (ESI) mode (full ESI -MS scan, positive ionization, spray chamber temperature 508C, drying gas temperature 2508C, drying gas pressure 25 p.s.i., capillary voltage 50 V, needle voltage 5 kV).
Results

HPLC-DAD and HPLC-ELSD of L-Pro-L-Phe and L-Hyp-L-Phe
Storage of the binary L-Pro-L-Phe and L-Hyp-L-Phe solutions in aqueous acetonitrile results in spontaneous and well pronounced changes in chemical composition of the analyzed mixtures. In the course of condensation, homo-and hetero-condensation products can be formed. From L-Pro and L-Phe, only oligopeptides can be derived, yet from the hydroxy-substituted amino acid (L-Hyp), oligopeptides, oligoesters and mixed condensation products (containing both peptide and ester bonds) can be obtained. Just to signalize the complexity of the condensation processes, in Figure 1 we present examples of the Pro-Phe hetero dipeptide, Hyp-Phe hetero dipeptide and Hyp-Phe ester (without taking into the account homodimers and higher oligomers, nor the oscillatory chiral conversion of both amino acids and hence, possible enantiomeric and diastereomeric forms of all these structures). The complexity of the spontaneously generated condensation products can only be appreciated from the perspective of the mass spectra discussed in the forthcoming section.
In order to illustrate the sum of all these effects, we superposed the chromatograms for L-Pro-L-Phe (Figure 2a ) and L-Hyp-L-Phe (Figure 2b ) registered at the different time intervals with use of ELSD. From the plots shown in Figure 2a and b, it is evident that in the course of the sample storage and ageing, the two predominant peaks in each chromatogram (originating from the two amino acids) slightly change their respective retention times (t R ). The observed minor changes are due to the displacement mechanism. As we strive for a shortest possible analytical run (in order to gain a quasi-kinetic insight in the dynamics of the investigated process), we have to compromise peak resolution. Hence, the tightly neighboring peaks of amino acids and the resulting condensation products exert the observed displacement effect.
From visual inspection of the plots alone (Figure 2a and b) , it is evident that in each case the areas and the heights of the two predominant peaks of the starting compounds undergo nonlinear changes. Moreover, the peaks of the newly formed condensation products emerge. In the case of L-Pro-L-Phe, the main peak of the condensation product appears between those of L-Pro and L-Phe, and its retention time (t R ) falls within the range of 13.31 -14.17 min. In the case of L-Hyp-L-Phe, the predominant new peak of the reaction product appears with the retention time shorter than those of L-Hyp and L-Phe, and its retention time is contained in the range of 3.17 -3.78 min.
In Figures 3 and 4 , we show the time series of the chromatographic peak heights for the two experimental sets. The observed oscillatory changes of the chromatographic peak heights are equivalent to the oscillatory concentration changes of the target species. Plots given in Figure 3a and b illustrate the dynamics of spontaneous peptidization of L-Pro-L-Phe. In Figure 3a , the full time range of the measurements (i.e. 250 h) is given. Respective plots show the time changes of the peak heights for L-Pro (1), L-Phe (2) and the main peptidization product (3). General observation is that at the first stage of the experiment (up to ca. 75 h), concentrations of L-Pro and L-Phe non-monotonously decrease and that of the oligopeptide non-monotonously increases. After that time, a kind of the dynamic equilibrium between peptidization and depeptidization is obtained, with occasionally more pronounced concentration changes. Each plot given in Figure 3a represents ca. 1,000 measuring points and due to that, on the presented graphs all peaks are very densely packed. Therefore in Figure 3b , we zoom the time range from 225 to 250 h for plots 1, 2 and 3 from Figure 3a . In this range, synchronization between the drop of the respective peak heights for L-Pro and L-Phe and the growth of the respective peak height for the peptidization product is clearly visible.
The analogous results valid for L-Hyp-L-Phe are presented in Figure 4a and b. Dynamics of the concentration changes with the two amino acids and the predominant condensation product are fully analogous to those observed in the former case. At the first stage of ageing (up to ca. 40 h), concentrations of L-Hyp and L-Phe non-monotonously decrease and that of the main condensation product non-monotonously increases. In Figure 4a , we show the consecutive stage only, when a kind of the dynamic equilibrium between condensation and the reverse process is achieved and continues for the rest of the measuring time, with occasionally more pronounced concentration changes. In Figure 4b , we zoom the time range from 58 to 59 h for plots 1, 2 and 3 from Figure 4a . In this zoomed range, synchronization between the concentration growth of L-Hyp and L-Phe and the concentration drop of the condensation product is clearly visible.
Finally, a general comment should be made regarding the observed instability of the peak heights and areas (and hence, of the respective concentrations also), discussed in this section. This instability is an evident proof of chemical processes running in the investigated solutions. Control analyses performed with use of the same chromatographic system for the chemically stable compounds (like, e.g., benzoic acid) give evidence of an excellent reproducibility of the respective chromatographic peak heights and areas, with the relative standard deviation values never exceeding 1%. 
LC-MS of L-Pro
. Also certain signals from the oligopeptides can be seen (e.g., that at m/z 1,389, which can originate from [(Phe) 6 (Pro) 5 þ He] þ ). With the aged solution, the major signals at m/z 116 and 166 are still there, yet the mass spectra show many more oligopeptide signals, and with much higher abundances also. Among them, the signals originating from homopeptides are present (e.g., that at m/z 459.88 can be ascribed to phenylalanine tripeptide, [(Phe) 3 ] þ ). Most probably, the signals valid for the heteropeptides are also present (e.g., the signal at m/z 1022.23 can hold for [(Phe) 4 (Pro) 4 þCO] þ and that at m/z 1579,26, might originate from [(Phe) 6 
The chromatograms and the mass spectra valid for the fresh L-Hyp-L-Phe sample and for that after 26 days storage period are shown in Figure 5c and d. Also in this case, the chromatograms of the fresh and the aged sample are quite similar, yet the respective þ . With the aged L-Hyp-L-Phe sample, an abundance of the relatively intense mass spectrometric signals can be seen. This spectrum is richer than the analogous one valid for L-Pro-L-Phe, which apparently is due to the two functionalities with Hyp (-NH 2 and OH), which enables both peptidization and esterification. Once again, certain peaks can be attributed to the homocondensates (e.g., those at m/z 1369.58 and 343.93 can be valid for [(Phe) 9 
Discussion
Our interest in spontaneous condensation of amino acids in aqueous and non-aqueous solutions stems from the theory of abiogenesis by Oparin and Haldane (19) , and from our understanding of the importance of this class of chemical compounds for life sciences. The hypotheses that emerge from the theory of abiogenesis and refer to the formation of organic compounds, and more specifically, to the formation of peptides and proteins in non-biological processes, certainly need further verification with modern and continuously improving analytical tools.
In our earlier studies, we managed to provide first experimental evidence on spontaneous peptidization of single amino acids in aqueous solutions and on the oscillatory nature of these processes (5 -7). In study (18) , peptidization of the first amino acid pair (L-Pro-L-Hyp) in aqueous solution was discussed and theoretical models were developed to explain the specific dynamics of this process. These models took into the account mutual catalytic effect of the two amino acids making a pair. Without going too deep into the details of these models, their general feature can be given in the following way. At the first step, both amino acids undergo oligopeptidization. At the second step, the oligopeptides can form higher structures, i.e., the H-bonded supramolecular aggregates and the covalently bonded higher peptides, equally characterizing with the properties of the micelles. This second step is considered as an uncatalyzed aggregation. The third step is assumed as catalyzed aggregation, which means that the chemical structure of the already formed micelles influences the structure of the new generation micelles. At the fourth step, decomposition of the micelles is anticipated. Each step is described by means of stoichiometric, as well as kinetic equations, separately for each amino acid from a given amino acid pair. An extreme case is that the two amino acids do not cooperate in the condensation process and produce homo-oligopeptides only. In the other three cases, a cooperative condensation occurs, which results in the homo-and hetero-oligocondensates. This coperative condensation can characterize with kinetic predominance of one or the other amino acid from a given pair, or without such predominance at all.
In this study, we focus on the other two amino acid pairs (L-Pro-L-Phe and L-Hyp-L-Phe), when aged in an organic-aqueous solvent. Selection of acetonitrile as a solvent was purposely made in order to verify, if spontaneous mixed peptidization can also run in that environment. In the other words, we tried to check, if a primeval broth concept, generally attributed to Oparin and Haldane, might apply to our solution, and we obtained a positive feedback.
In an attempt to obtain quasi-kinetic evidence with aid of HPLC -DAD and HPLC -ELSD, we had to compromise the quality of separation. As a reward, we managed to convincingly demonstrate the oscillatory nature of the concentration changes with the two amino acids and the main condensation product in a function of time. Selected examples demonstrate perfect time synchronization of the concentration drop with the amino acids of interest and the concentration growth with the main condensation product, or the vice versa (Figure 4a and b, respectively) . These results directly confirm the formation of heterocondensates in the investigated solutions, i.e. the cooperative effect assumed in our earlier elaborated model (18) . Additional confirmation of the accumulation of the high-molecular-weight condensates was derived from the LC-MS experiments (Figure 5a-d) .
Finally, our results seem to conform with the hypothesis formulated in paper (19) and then extensively discussed and theoretically confirmed in papers (13, 20) . According to this hypothesis that refers to the chiral substrates, the reason for the condensation oscillations is that heterochiral polymerization is favored over homochiral polymerization. This means that oscillations are favored for heterochiral polymerization and homochiral depolymerization and epimerization.
Conclusions
It was an aim of this study to experimentally demonstrate an ability of selected amino acids (L-Pro, L-Hyp and L-Phe) with key importance for living organisms to spontaneously undergo oscillatory condensation and to form homo-and hetero-condensates. This goal was successfully achieved with aid of HPLC -DAD, HPLC -ELSD and LC-MS. We believe that the importance of the results obtained herewith is due to the fact that they address fundamental issues related to the prebiotic chemical systems and perhaps to the beginning of biological life also.
